Introduction
Feed costs represent a major economic input for beef cattle production. Individual cattle differ in their ability to efficiently utilize feed (Bailey et al., 1971; Garrett, 1971; Freeman, 1975) . Selecting the most efficient animals may significantly lower production costs.
Genetic parameters for postweaning weight gain, feed intake, and feed conversion for growing bulls were reported by Jensen and Anderson (19841, Korver et al. (19871, Van Arendonk et al. (19911, and Nieuwhof et al. (1992) . Variance components for residual feed consumption, defined as the total energy intake minus estimated energy requirements for maintenance and production by partial regression J . Anim. Sci. 1995. 73:365-372 coefficients, for bulls were reported by Van Arendonk et al. (1991) and Jensen et al. (1992) . However, the genetic parameter estimates for postweaning weight gain, feed intake, feed efficiency, and residual feed consumption vary widely (Korver et al., 1991; Van Arendonk et al., 1991; Bishop, 1992; Nieuwhof et al., 1992) .
A three-step procedure for partitioning energy intake into energy for maintenance and various production functions based on requirements was proposed by Fan ( 1992) . Residual feed consumption and feed efficiency (gross or net efficiency) can then be calculated for each growing bull. The objectives of this study were to determine whether significant effects of year, diet, breed, sire, dam, initial weight, and backfat change exist for growth, energy intake per day, residual feed consumption, and gross and net feed eficiency of bulls during a 168-d postweaning gain test period and t o estimate genetic parameters of 200-d weaning weight, postweaning average daily gain, feed intake, yearling weight, residual feed consumption, gross feed efficiency, and net feed efficiency.
Materials and Methods
Postweaning growth performance and livestock feed intakes were recorded on 271 Hereford and 263 Angus bulls from 1984 t o 1986 at the Agriculture Canada Research Station, Lethbridge, Alberta. Hereford and Angus herds were established in 1963. Representative samples of registered Hereford and Angus cattle were purchased from breeders in Alberta. The cow herd was maintained at the Agriculture Canada Onefour Substation located in the short-grass prairie region of southeastern Alberta, near Manyberries.
Each breed was composed of two lines and managed as one group, except during a 42-d breeding season (beginning of July to the middle of August). Within a breed, 14 foundation bulls sired progeny in both lines in the first 3 yr. Thereafter, half the bulls were replaced each year. Each bull was mated randomly to the same group of cows (repeat mating system) within line in each of 2 yr. Exceptions were made to avoid inbreeding. Cattle were allocated to selection lines, and replacements were chosen based on higher weight gain during a 168-d performance testing period when fed their respective diets. From 1984 to 1986, a total of 191 Hereford dams and 26 Hereford sires contributed t o the Hereford data set, and 188 Angus dams and 21 Angus sires contributed to the Angus data set. Objectives, design of the long-term breeding project, herd origin, and management were described by Bailey et al. (1991) .
Calves grazed on native range with their mothers without creep feed from calving to weaning. Immediately after weaning, the bull calves were transported 200 km by truck to Lethbridge.
After a l-wk adjustment period, the calves had ad libitum access to either a high-energy diet ( H D ) consisting of 80% concentrate and 20% cubes (70%' alfalfa and 30% straw) or a medium-energy diet (MD) of 100% hay cubes (70% alfalfa and 30% straw) during a 168-d postweaning test period based on NRC (1984) data. The four lines were coded as Line 1 = Hereford HD, Line 2 = Hereford MD, Line 3 = Angus HD, and Line 4 = Angus MD (Table 1) . Animals were weighed and backfat thickness was measured between the 12th and 13th ribs using a Krautkramer USK-7 ultrasonic scanner (Krautkramer Branson, Hurth, Germany) every 28 d from the start of test. Cattle were housed and fed individually. Individual feed intake was recorded daily.
Six sheep (initial weight 45.5 2 5.0 kg) were used in two digestibility trials (three sheep for each trial) and given ad libitum access to feed. The digestible energy of the concentrate and cubes was determined by collection of feces and urine for 7 d. Gross energy and protein, digestible energy and protein, and metabolizable energy content of the feeds are shown in Table 2 .
Feed effkiency and residual feed consumption were estimated by a three-step procedure as described by Fan (1992) . In the first step, the daily net energy requirements for maintenance and growth of individual bulls were estimated. Average body weight during the test ( W, kg) was calculated by taking an average of body weight at the beginning of the test aLine: 1 = Herefords fed high energy; 2 = Herefords fed medium energy; 3 = Angus fed high energy; and 4 = A n g u s fed medium energy. bWWT = weaning weight at 200 d of age, Age = age at beginning of test, FAT0 = average backfat thickness a t beginning of test, WTo = body weight a t beginning of test, FAT, = average backfat thickness a t end of test, WT, = body weight at end of test, YWT = yearling weight a t 365 d of age, ADG = average daily gain to end of test, ME1 = metabolizable energy intake per day, MEI, = ME intake per day for weight gain, DM1 = dry matter feed intake per day, RFC = residual feed consumption. FE = feed efficiency as a ratio of ADG:MEI, and NFE = net feed efficiency as a ratio of ADG:MEI,. In the second step, the net energy values for maintenance (NE,) and growth (NE,) were calculated using the average metabolizable energy values (AME) for each diet using the formulae of Garrett (1980) . Bulls' daily ME requirements for maintenance
in megacalories of ME/day were calculated as follows:
M E R , = NE%/( NE ,/AME ) .
Bulls' daily ME requirements for growth (MER,)
in megacalories of MEIday were calculated as follows:
Bulls' daily ME requirements for maintenance and growth (MER) in megacalories of ME/day were calculated as follows:
In the third step, feed efficiency measurements were defined and calculated. Gross feed efficiency ( FE) was measured as a ratio of ADG to metabolizable energy intake (MEI, megacalories of ME/day) in kilograms/megacalorie of ME. Net feed efficiency ( NFE) was measured as a ratio of ADG:MEI, in kilograms/megacalorie of ME, where MEI, was metabolizable energy intake for growth per day, in megacalories of ME/day, and calculated as the proportion of ME requirements for growth in MER:
Residual feed consumption ( RFC) for bulls per day in megacalories of ME/day was calculated as:
Significant effects on postweaning measurements of bulls were analyzed by SAS ( 1992 1 GLM procedures.
The model included fixed effects of year, diet, breed, and their two-way interactions, random effects of sire and dam within breed, covariates initial weight ( WTo) and daily backfat thickness change ( BFC) , and interactions with diet and breed (intraclass regression analysis). The operational models were determined by stepwise procedures, and summaries of the analyses of variance are shown in Table  3 . Estimates of heritability were obtained for each breed using derivative-free restricted maximum likelihood (DFREML) (Meyer, 1988) .
The individual animal model was as follows:
where y = a vector of the observations for the trait, b = a vector of fixed effects of year, diet, and the covariates WTo and BFC, a = a vector of random animal effects N(0, A z ) , and e = a vector of random residual effects N(0, In:). I is an identity matrix, A is the matrix of genetic relationships among animals, and X and Z are known incidence matrices with E ( y) = X b , E ( a ) = 0 and E ( e ) = 0. Estimates of heritability were also obtained for overall data. The animal model for pooled data (Hereford and Angus) included fixed effects of year, line, and the covariates WTo and BFC. Covariances among traits were estimated by single-trait analyses of summed pairs of traits.
Results and Discussion
Simple means and standard deviations for postweaning growth, individual feed intake, and feed 'Traits are defined in Table 1 .
CFor effects of breed, the appropriate error terms were chosen for WWT, ADG, and YWT. *P < .05. **P < .01. ***P < ,001.
efficiency by line are shown in Table 1 . Herefords (Lines 1 and 2) were 5 d younger in age, weighed 19 kg less, and were lower in backfat, on average, than Angus bulls (Lines 3 and 4) at the beginning of test. Analysis of sources of variation for the postweaning measurements of bulls is shown in Table 3 . The W T o and BFC were significant for all postweaning measurements except BFC for FE. Relationships between postweaning weights of bulls and test periods were linear for all four lines, and growth patterns were parallel for the two breeds when the bulls were fed the same diets. Berg et al. (1978) indicated that growth coefficients for muscle, fat, and bone were homogeneous among breed groups by using 277 young male progeny serially slaughtered at 300 kg live weight and at 12 and 15 mo of age. There were no significant differences in composition of carcass between Hereford and Angus breeds (Koch and Dikeman, 1977) or between Hereford and Angus sire breed groups (Bass et al., 1981; Kempster et al., 1982a,b) . The parallel growth patterns support the assumption of similar change in empty body composition and requirement for gain across breeds in the present study.
In 1986, bulls had heavier WWT, higher ME1 and RFC, but lower FE and NFE than bulls in the other 2 yr (Table 4 ). This may have been due to environmental influences (primarily weather), variation in feeds, and genetic improvement in WWT. Over 20 yr of selection, WWT increased from 178 to 197 kg for Herefords and from 189 to 211 kg for Angus bulls (Bailey et al., 1991 and Table 4 ). Angus bulls had heavier ( P < . O O l ) WWT and YWT, higher ADG and MEI, and lower NFE than Herefords. There were no differences in RFC and FE between the two breeds. Results indicated that Angus bulls were less efficient at utilizing the energy for growth (after accounting for energy required for maintenance) than Hereford bulls, which was associated with the higher ADG. Growing bulls fed the HD grew faster and had higher MEI, RFC, FE, and NFE ( P < .OOl) than those fed the MD (Table 4) . Average weight gains during the test were 217 and 234 kg for Lines 1 and 3 and 136 and 153 kg for Lines 2 and 4 (Table l ) . Backfat thicknesses at the end of the test were 5.7 and 7.5 mm for Lines 1 and 3 and 1.4 and 1.6 mm for Lines 2 and 4, and RFC was positive for the HD lines and negative for the MD, respectively. These results indicate that bulls fed the HD received adequate energy for maintenance and growth t o their genetic potential. Although animals fed the MD received 15 to 30% more Table 1 ). As a result of using weight gain in the 168-d trial as the selection criterion, bulls fed the MD were selected for appetite, whereas those fed the HD would be selected for growth. Breed x diet interactions were significant for RFC, FE, and NFE (Table 3) . Herefords had less RFC and higher FE and NFE than Angus bulls when fed the HD (Table 4) . Estimates of heritability were moderate for WWT, ADG, and ME1 and moderate to high for YWT ( Table  5 ) . Estimates of heritability for WWT agree with reports for beef cattle (Koch, 1978) , Hereford bulls (DeNise and Torabi, 1989; Bishop, 19921 , and for Angus and Hereford cattle (Morris et al., 1992) . The heritability of ADG for Angus bulls agrees with reports of MacNeil et al. (19841, de Rose et al. (1988), and Van Arendonk et al. (1991) . Heritabilities of energy intake of growing bulls agree with reports of Van Arendonk et al. (1991) , Bishop (19921, and Nieuwhof et al. (1992) . Heritabilities of YWT for both breeds in this study agree with the reports of Koch (19781, DeNise and Torabi (19891, and Morns et al. (1992) .
Heritabilities of FE, NFE, and RFC were low for Herefords and moderate for Angus bulls. Koch et al. (1963) (Brown et al., 1988) and .26 for growing dairy bulls (Van Arendonk et al., 1991; Nieuwhof et al., 1992) . In this study, heritabilities for NFE were . l 4 for Hereford and .28 for Angus bulls, and the pooled estimate of .21 was higher than the pooled estimate of . l 6 for FE (Table  5) . The difference between feed intake and predicted feed requirement (RFC) for an individual has been used as a feed eficiency measurement for beef cattle (Koch et al., 1963) and growing dairy heifers (Korver et al., 1987) . Heritabilities of .28 for RFC for beef feedlot calves were reported by Koch et al. (1963) and .275 to .363 for young dairy bulls from 200 kg live weight to slaughter by Jensen et al. ( 1992) . Estimates of heritabilities of RFC (megajoules/day) for growing dairy heifers were .22 (Korver et al., 1991; Van Arendonk et al., 1991) .
The variation among estimates of heritability for feed efficiency, feed conversion, and residual feed consumption is due in part to the different approaches by which measurements were defined, calculated, or predicted. The three-step approach used in this study was established based on the NRC ( 1984) net energy system after considering the effects of breed (biological type), sex, weight gain, milk yield, and pregnant days. The net energy system has two major advantages: 1) animal requirements stated as net energy are independent of the diet, and 2) feed requirements for maintenance are estimated separately from feed needed for productive functions (NRC, 1984) . In the second step, the net energy requirements for maintenance and growth (NER, and NER,) were converted to ME values, which solved the problem of differences in units between NER, and NER,. The procedure for partitioning energy intake based on individual requirements for each production function ". ", and 0: were additive genetic variance and residual variance, respectively, ADG = ADG x 100; DMD = DMD x 10; ME1 = ME1 x 10; YWT = YWTDO; RFC = RFC x 10; FE = FE x 1,000; NFE = NFE x 1,000. For WWT, the model did not include covariates of WTo and BFC.
bTraits are defined in Table 1. should be able to predict individual differences in an animal's ability to efficiently utilize feed. However, the estimates of heritability for FE, NFE, and RFC in this study were influenced by the two management situations for rearing and measuring bulls: high-energy vs medium-energy diets. The positive estimates of RFC for lines 1 and 3 and negative estimates for lines 2 and 4 (Table 1) indicate that energy requirements were slightly underestimated for the HD cattle and overestimated for the MD bulls, which was relative to fat deposition in the two feeding levels. These systematic errors could result in an increased phenotypic variance and a lower proportion of genetic variance.
Except for the heritabilities of WWT and YWT, the estimates of the other traits for Herefords were not significantly different from those for Angus bulls ( Table 5 ) . This may have resulted from differences in genetic variations in the original populations which were random samples of the Hereford and Angus breeds (Bailey et al., 1991) .
Genetic and phenotypic correlations between ME1
and ADG, ME1 and YWT, ADG and YWT, ADG and FE, and YWT and FE were positive and ranged from moderate to high for both breeds (Table 6 ). Moderate to high correlations for feed intake with weight gain and body weight for growing bulls were reported by Bishop (1992) and Nieuwhof et al. (1992 were moderate to high (Bishop, 1992; Nieuwhof et al., 19921 , and between 400-d body weight and feed conversion of growing Hereford bulls were moderate (Bishop, 1992) . In our study, as ADG increased, MEI, YWT, and FE increased. Therefore, selection for weight gain at the end of the test (1 yr of age) could result in an increase in feed intake, body size, and FE. The positive correlations between ADG, MEI, and YWT are a result of these correlated measurements.
There was a negative association between RFC and YWT and a strong negative genetic association between RFC and FE and NFE (Table 6 ). Phenotypic correlation between RFC and ADG was strongly negative and between RFC and ME1 was moderately positive. Genetic correlations of RFC with ADG and ME1 were positive for Hereford and negative for A n g u s bulls. The size changes in the genetic correlations could have resulted from the small genetic variance of RFC (Table 6 ) and from the method used for estimation of covariances. Genetic correlations were negative between RFC and ADG and moderately positive between RFC and ME1 when using the pooled data to predict the estimates by increasing the population size and decreasing random sampling error. The negative correlations between RFC and both YWT and ADG could be due to the systematic error in the calculation of RFC. The overestimated energy requirements for lines 2 and 4 would create a negative correlation between weight gain and RFC. This is in contrast with the positive correlations of RFC with daily energy intake and zero correlations of RFC with ADG reported by Korver et al. (1991) for growing dairy heifers when energy requirements for maintenance and growth were estimated by regression analysis.
There were low positive genetic correlations and negative phenotypic correlations between FE and ME1 ( Table 6 ) . Moderate genetic correlations and high phenotypic correlations between feed conversion (megajouleskilogram) and daily ME intake and moderate to high negative correlations between feed conversion and ADG were reported by Korver et al. ( 199 1) for growing dairy heifers and by Nieuwhof et al. ( 1992) for growing bulls. Moderate correlations of feed conversion with 200-to 400-d feed intakes and highly negative correlations of feed conversion with 200-to 400-d weight gains were also reported by Bishop (1992) for performance tested Hereford bulls. In this study, the low correlations of FE and ME1 could have resulted from high correlations of ADG with ME1 and bulls fed two different diets. Negative genetic and phenotypic correlations between NFE and ADG show partial correlations of FE with ADG after accounting for energy requirements for maintenance. As a ratio of ADG:MEIg, NFE indicates net efficiency of weight gain per megajoules of ME feed intake for growth, which is independent from energy requirement for maintenance. The NFE Linton ( 19 7 7 1 defined net energy growth efficiency as a ratio of total kilograms of gain to kilograms of feed available for gain and found that it was the best indicator of feed efficiency with a heritability of .43
and low phenotypic and genetic correlations with gain. However, in this study, the estimates of genetic parameters for NFE disagree with those of Linton ( 19 7 7). Residual feed consumption was negatively associated with FE and NFE due to the components MEI, and MEI,, where MEI, and MEI, were estimates of MER, and MER,. Residual feed consumption could be used to replace the ratio measurements of FE or NFE as a selection criterion for feed efficiency in beef breeding programs.
Implications
Residual feed consumption can be used to replace ratio measurements of gross feed efficiency or net feed efficiency as a selection criterion of feed efficiency in breeding programs. Growth pattern performance as a function of feeding level and estimates of genetic parameters will assist producers in reconsidering their goals for performance testing of bulls and objectives of selection.
